Intraspecific variability in echolocation calls could be an important factor hampering the accurate acoustic identification of species in the field. We studied variations in the echolocation behavior of Lasiurus varius in relation to habitat structure. Echolocation calls of L. varius reflected the degree of clutter present in its foraging areas. Bats foraging in an uncluttered habitat emitted longer and lower-bandwidth calls, with the lowest frequency values, whereas bats foraging in a cluttered habitat broadcast shorter and broadband signals, showing an increase in frequency content of their calls. Discriminant function analysis gave an overall classification of 76% of the calls emitted in the different flight situations. Our results highlight the need for independent recordings at each study area or habitat type to circumvent potential echolocation call variations, particularly in fragmented landscapes.
Echolocation calls of bats often have species-specific characteristics, and hence are widely used to identify free-flying bats in the field (Fenton and Bell 1981; Russo and Jones 2002) . Further, bat echolocation calls are highly variable depending on the echolocation task (Neuweiler 1989; Schnitzler et al. 2003) . For example, bat species that typically feed on flying insects in obstacle-free areas have calls that differ in spectral and temporal characteristics from those that normally feed in more cluttered areas, such as within dense forest vegetation (Neuweiler 1989) . Therefore, intraspecific variability in search-phase echolocation calls could hamper the accurate acoustic identification of species in the field (Thomas et al. 1987; Broders et al. 2004) .
In addition to the call flexibility associated with capture maneuvers (Griffin et al. 1960; Schnitzler and Kalko 2001) , intraspecific variations in the design of echolocation calls have been explained as adaptations to the structure of the foraging habitat, in which signals change predictably as bats fly into more-complex, cluttered habitats (Kalko and Schnitzler 1993; Obrist 1995; Schnitzler and Kalko 1998, 2001 ). Long and narrowband calls are usually used by bats when foraging for insects in an obstacle-free environment, meanwhile shorter, broadband calls are broadcasted when hunting close to obstacles, such as in dense forest vegetation (Neuweiler 1989; Kalko and Schnitzler 1993) . Vespertilionids exhibit a high degree of variability in their echolocation repertoires (Kalko and Schnitzler 1993; Mora et al. 2005; Berger-Tal et al. 2007; Luo et al. 2011) . Lasiurus varius is a vespertilionid endemic to the southern cone of South America (Simmons 2005 ) that feeds on flying insects, showing high maneuverability (Galaz and Yáñez 2006; Rodríguez-San Pedro and Simonetti 2013b) . In fragmented landscapes, L. varius is able to use a variety of habitats that differ in structural clutter; therefore, we might expect differences in their echolocation call structure according to habitat structure. In spite of the descriptions of echolocation calls for L. varius (Rodríguez-San Pedro and Simonetti 2013a) , changes in its echolocation behavior in concert with changes in habitat structure are known. Within this framework, we tested the general hypothesis that L. varius adjusts its echolocation calls to different foraging habitats according to their degree of structural clutter. If this is true then bats would produce shorter calls, with higher frequencies and larger bandwidth in structurally complex habitats compared to more-open habitats. Additionally, we hypothesized that structural complexity of foraging habitat in which bats are recorded might affect acoustic identification due to signal overlap between syntopic species.
MATERIALS AND METHODS
Field recording sites and species identification. 0 S, 72846 0 W). The echolocation calls of solitary, freeflying individuals were recorded while bats were hunting for insects in 3 habitats with different degrees of clutter. All recording habitats were inside or around adult Monterey pine (Pinus radiata) plantations and mature native forests. Clutter categories were based on the structural complexity (woody plant density) of the forested habitats. For instance, plantations were classified as structurally simple when woody plant density 1 m above the ground was less than 0.5 individuals/m 2 , and structurally complex when density was greater than 0.5 individuals/m 2 (Poch and Simonetti 2013) . Fourteen freeflying passes were recorded in high clutter over a narrow service road (, 2.5 m wide) surrounded by adult pine trees of more than 30 m height, within structurally complex plantations; 14 free-flying passes in moderate clutter over a wide road (greater than 5 m wide) surrounded by structurally simple plantations and mature native forest; and 28 free-flying passes in no clutter over unplanted plantation clear-cuts, approximately 50 m from adult pine plantation edges or higher than 5 m above buildings at human settlements. Although the individual identity of bats could not be determined, care was taken in each habitat to ensure that multiple bats were sampled on a given night by visually confirming the presence of multiple bats flying within detection range. Recordings were obtained during 2 years between January 2010 and January 2012 (Rodríguez-San Pedro and Simonetti 2013b) . All habitats were sampled on multiple nights.
Species identification was achieved by visual observation at dusk and sound analyses. In the area, L. varius is the only bat species broadcasting downward frequency-modulated calls with final frequency between 35 and 37 kHz (Rodríguez-San Pedro and Simonetti 2013a) . Spectral and temporal parameters of calls of L. varius recorded from hand-released bats (Rodríguez-San Pedro and Simonetti 2013a) matched well with the recordings from free-flying bats and serve as additional confirmation of our species identification in the field.
Sound recording and analysis.-Echolocation calls were recorded using an ultrasound bat-detector model D240X (Pettersson Elektronic AB, Uppsala, Sweden) with a flat response characteristic between 10 and 120 kHz. The output of the bat detector was fed to a digital recorder MicroTrack II (MAudio) and operated in time-expanded mode. The bat detector was held at elbow height at a 458 angle with respect to the ground. All recordings were made while the bats were flying toward the microphone. We started recordings at dusk and stopped when activity level dropped, usually 3 h later. From each individual bat, 2 or 3 pulses with good signal-to-noise ratio (peak intensity with more than 20 dB above noise level measured in the power spectrum) obtained in a particular clutter category were chosen and analyzed. Following this criterion, a total of 56 sequences and 213 calls divided into 150 from search, 27 from approach, and 36 from the terminal buzz phase were selected for analysis. No feeding activity was detected within moderate or cluttered habitats based on the subsequent analysis of echolocation calls (no feeding buzzes were recorded). As a consequence, only search-phase call sequences were used for further analysis.
Echolocation calls were displayed simultaneously as spectrograms and oscillograms using BatSound 2.1 with a sampling rate of 44.1 kHz and a Hanning window. Spectrograms were made of consecutive fast Fourier transforms with a 99% overlap. For spectrograms and oscillograms, temporal resolution was 0.1 ms. For spectrograms, the frequency resolution was 610 Hz. According to the duration of the call to be analyzed (measured on the oscillogram), power spectra were calculated using fast Fourier transforms obtained from 512 to 2,048 data points.
For each pulse, we manually measured the following parameters: duration (time between start and end of a pulse, measured in milliseconds on the oscillogram); initial frequency and final frequency (measured on the spectrogram); slope of frequency modulation (difference in kilohertz between the initial and final frequency of the call divided by the duration of the call); peak frequency (frequency in kilohertz corresponding with the maximum intensity in the power spectrum); maximum and minimum frequency (measured at À20 dB in the power spectrum); and bandwidth (difference between maximum and minimum frequency). In each call sequence, we measured interpulse interval from the beginning of a call to the start of next call. The pulse repetition rate was calculated as the inverse of the interpulse interval and represents the cadence of the call emitted.
Statistical analysis.-Because data sets were not normally distributed, nonparametric statistics (Kruskal-Wallis analysis of variance followed by a post hoc test) were used to test differences in call structure among habitats with different degrees of clutter. A quadratic discriminant function analysis with cross-validation was performed to test for differences between search calls recorded from bats flying in habitats with different degrees of clutter, which could influence the acoustic identification of the species (Russo and Jones 2002) . Variables used were call duration, final frequency, bandwidth, slope frequency modulation, peak frequency, and maximum and minimum frequency. Wilks'' lambda values were obtained with a multivariate analysis of variance to test for statistical significance of discriminant function analysis models. The standardized discriminant function coefficients were used to determine the contribution each variable made to the ability of discriminant function analysis to classify calls.
RESULTS
Echolocation behavior during hunting.-While foraging, L. varius showed the 3 phases of echolocation (search, approach, and final buzz) common to aerial insectivorous bats (Fig. 1) . During the search phase, L. varius broadcasts single-harmonic echolocation calls consisting of a narrow downward frequency modulation at the beginning of the signal followed by a quasiconstant frequency component. Search calls are characterized by long durations (7.64 6 0.20 ms) sweeping from about 52 to about 33 kHz and emitted at interpulse intervals of 216 6 13.4 ms. Calls emitted during the approach phase showed a similar design to search calls ( Fig. 1 ) but were shorter with a broader bandwidth, higher slope, and shorter interpulse intervals (Table  1 ). In the terminal phase or final buzz, L. varius emits steep downward frequency-modulated signals with no quasi-constant frequency component at the end of the call present in search calls. The beginning of this phase is characterized by an abrupt increase in pulse repetition rate, and a decrease in call duration and interpulse interval ( Fig. 1; Table 1 ).
Effect of foraging habitat on search calls.-Search-phase echolocation calls of L. varius reflected the degree of clutter present in the foraging areas. Pulses emitted in habitats with different degrees of vegetative clutter showed significant variation in all of the acoustic parameters measured ( Fig. 2; FIG. 1.-A) Echolocation calls emitted by Lasiurus varius during foraging behavior. The 3 phases of the foraging behavior can be recognized: search (s), approach (a), and final buzz (b). B) Enlarged spectrograms and power spectrum of echolocation calls or groups of them, representative of each foraging phase. Table 2 ). Bats foraging in uncluttered habitat emit longer, smaller-bandwidth calls, with the highest mean interpulse interval and the lowest final frequency (Table 2 ). Bats foraging in cluttered habitat emit shorter and larger-bandwidth signals, increasing the frequency content of their calls (Table 2) . Pulses emitted in a moderately cluttered habitat, meanwhile, showed intermediated values for all acoustic parameters, except the interpulse intervals and pulse repetition rates (Table 2) . Multivariate discriminant function analysis using 7 acoustic parameters to differentiate among clutter categories gave an overall classification of 76% of the search-phase echolocation calls (Wilks' k ¼ 0.28; F 14,282 ¼ 18.18; P , 0.0001). The first 2 discriminant functions explained 100% of total variation. Search calls recorded from individual bats flying in different clutter conditions were grouped independently (Table 3 ; Fig.  3 ). The most important acoustic parameters for discrimination among clutter categories were slope, final frequency for root 1, and minimum frequency and call duration for root 2 (Table 4) .
DISCUSSION
During foraging activity, L. varius shows an echolocation behavior similar to that described for other aerial insectivorous bats (Griffin et al. 1960; Schnitzler and Kalko 2001) . Call design also is similar to those characterized in other vespertilionids (Belwood and Fullard 1984; Obrist 1995; Waters and Jones 1995; O'Farrell and Miller 1999; Rodríguez and Mora 2006) . Call design of L. varius consists of a frequency-modulated component followed by a quasi-constant frequency component. The combination of these 2 elements in the same signal allows bats to perform 2 tasks while foraging, that is, to search for insects near clutter and then to determine their position in space in relation to background targets (Neuweiler 1989; Schnitzler and Kalko 2001) . For example, for search purpose, insectivorous bats decrease the duration of the frequency-modulated component and the quasi-constant frequency component is accentuated. As a result, search calls become longer and narrower bandwidth with signal energy concentrated in a smaller, lower-frequency band, maximizing the range of detection of distant prey (Schnitzler 1987; Schnitzler and Kalko 2001) . In contrast, the frequencymodulated component of search calls provides information about objects included in background clutter, such as forest vegetation, as well as about prey location and characterization (Simmons et al. 1979) . Calls emitted during the approach and terminal phases by L. varius are dominated by the initial frequency-modulated component, and narrowband components are eliminated. As a consequence, calls become broadband and shorter duration, a signal design best suited for the exact localization and tracking of moving targets in space (Schnitzler 1987; Neuweiler 1990; Kalko and Schnitzler 1993; Schnitzler and Kalko 2001) . A wider-bandwidth call provides more information about objects included in background clutter, such as vegetation, as well as the nature of the reflecting target (Simmons et al. 1979; Simmons and Stein 1980; Neuweiler 1990 ). The reduction of call duration while approaching or capturing prey allows bats to avoid overlaps between the prey and clutter echoes (Kalko and Schnitzler 1993) . Additionally, the high-frequency repetition rate of the calls in the terminal phase enhances the quantity of information obtained per unit of time and allows bats to control last-instant changes in the insect's position in space (Neuweiler 1989; Schnitzler and Kalko 2001) .
As expected, L. varius adjusted its echolocation call structure according to the degree of structural clutter present in its foraging habitats. Bats hunting for insects in uncluttered habitats, such as along hard forest edges, emitted calls with lower frequencies, longer durations, and less frequency modulation, whereas those hunting in moderately cluttered and cluttered habitats (e.g., along soft forest edges and internal service roads of forestry plantations) switched to shorter and broadband calls. This result is consistent with other studies of vespertilionid bats where differences in signal design are closely associated with differences in habitat structure (Kalko and Schnitzler 1993; Schnitzler and Kalko 2001; Broders et al. 2004; Wund 2006; Berger-Tal et al. 2007; Luo et al. 2011) . Such intraspecific variations might lead to misidentification of species due to signal overlap between species. In fact, calls emitted by L. varius in cluttered habitats could be confused with those of Myotis chiloensis because the broadband calls and steeper slopes of L. varius in cluttered habitats might resemble those of M. chiloensis. An additional discrimination function analysis showed that 80% of the clutter calls of L. varius and calls of M. chiloensis were correctly classified (Wilks' k ¼ 0.22; F 14,236 ¼ 19.06; P , 0.0001). However, the ending trend in final frequency readily discriminated L. varius from M. chiloensis, whose calls tend to turn downward at the end ( Fig. 2 ; Rodríguez-San Pedro and Simonetti 2013a) .
The adaptation of call design to the structural characteristics of the foraging habitat is suggested as a clutter-rejection strategy, that is, the separation of prey echoes from interfering signals (Kalko and Schnitzler 1993) . The ability of bats to evaluate prey echoes depends on the position of the prey relative to the bat and to clutter-echo-producing background targets (Schnitzler and Kalko 2001) . L. varius commutes and forages in a wide variety of habitats and clutter situations (Rodríguez-San Pedro and Simonetti 2013b) . The range of distances that this species must perceive as a result of the variety of clutter situations it experiences should require high plasticity in echolocation call structure. For bats that forage for insects in uncluttered habitats, clutter echoes from the background are so far from the emitted signal and prey echoes that they play no role in the echolocation process. As for other vespertilionids, L. varius must detect and identify weak echoes from small insects that form their diet (Mann 1978) . Echolocation calls with low frequencies, long durations, and shallow slopes are well suited for detecting weak insect echoes in uncluttered habitats because they concentrate the sound energy in a narrow band of frequencies (Schnitzler 1987; Neuweiler 1989) . In contrast, when bats hunt for insects in more-cluttered habitats (soft edges and within forest vegetation) the pulse and insect echo are followed by clutter echoes from the background. As a consequence, bats not only have to detect, classify, and localize their prey, but also avoid collisions with the clutter-producing background. Calls with high frequencies, short durations, and steeper slopes are useful in this situation because they allow bats the exact localization of the prey and also the clutter-producing background, a short-range foraging strategy required for bats hunting in a background-cluttered habitat (Kalko and Schnitzler 1993; Schnitzler and Kalko 2001; Wund 2006; Luo et al. 2011 ).
In our study, 76% of the calls were correctly classified to the foraging habitats, suggesting that the degree of structural clutter present in the foraging area had strong effects on the echolocation behavior of L. varius. The implementation of clutter-specific echolocation call libraries has been proposed as a useful tool to improve acoustic identification accuracy (Broders et al. 2004; Luo et al. 2011) . The high echolocation call variability showed by L. varius while hunting for insects through different habitats supports this idea, emphasizing the need for independent recordings at each study area or habitat type to circumvent potential echolocation call variations, particularly in those intensively modified landscapes.
